The spectrum of electromagnetic energy used in exploration geophysics extends from the lowest frequency equivalent to the period of magnetic observatory recordings (about 150 years) up through microwaves into gamma rays. The lower frequency portion of this spectrum is shown in Figure 1 . At this Ultra Wideband Conference, nearly all of the other presentations would be considered by geophysicists to be very narrow band. Roughly shown in the figure are the various frequency ranges used for the many applications of electromagnetic geophysics. At the low end of the frequency range, the EM transmitters are the natural sources of EM energy such as fluctuations in the Earth's magnetic field, solar wind interactions with the Earth's magnetic field, and thunderstorm lightning. At these very low frequencies, EM exploration geophysics looks down to 400 km deep into the mantle, with decreasing depth of investigation as frequency increases. Depth of investigation is related to the skin depth which is approximately of a wavelength in the low frequency inductive limit. For general background reading about this range of electromagnetic geophysical exploration, see Nabighian [9] . Somewhere in the tens of kilohertz to few megahertz, depending upon material properties, the physics of low frequency electromagnetic induction (diffusion) slowly transitions to higher frequency wave propagation behavior [ 11. When this happens, the depth of investigation becomes determined by the attenuation length, which may be several wavelengths long. Depth of investigation for ground penetrating radar in the 1 to 1,000 MHz range varies from 5,400 m through polar ice in Antarctica to 10's of m in freshwater saturated clean sand to less than 1 m in sea water or montmorillonite clay [ 1 1, 141. For the rest of this paper, I will concentrate just on the narrow portion of the electromagnetic spectrum from a few MHz to a few GHz where geophysicists used ground penetrating radar and overlap with the discussion in the rest of the conference.
Fig. 1. Geophysics spectrum
RADAR is an acronym coined in 1934 for RAdio Detection And Ranging [3] . The first ground penetrating radar survey was performed in Austria in 1929 to sound the depth of a glacier [28, 29] . The technology was largely forgotten (despite more than 36 patents filed between 1936 and 1971 that might loosely be called subsurface radar) until the late 1950s when US Air Force radars were seeing through ice as planes tried to land in Greenland, but misread the altitude and crashed into the ice. This started investigations into the ability of radar to see into the subsurface not only for ice sounding but also mapping subsoil properties and the water table (see history in [19] ). In 1967, a system much like Stern's original glacier sounder was proposed, and eventually built and flown as the Surface Electrical Properties Experiment on Apollo 17 to the moon. Morey and Art Drake began Geophysical Survey Systems, Inc. to sell commercial ground penetrating radar systems [7] .Thus began an explosion of applications, publications, and research, fostered in part by research contracts from the Geological Survey of Canada, the US Army Cold Regions Research and Engineering Laboratory (CRREL), and others. There are now over 300 patents that might loosely be related to ground penetrating radar around the world, several companies making commercial equipment, many companies offering it as a service, and many institutions performing research. Ground penetrating radar is sometimes called georadar, ground probing radar, or subsurface radar.
Ground penetrating radar is deployed today from the space shuttle [26] , aircraft (such as the Swedish CARABAS system shown in Figure 3) , on the surface of the ground mud [5] , in boreholes [31] , and between boreholes ([ 15, 171; sometimes from within or between mine shafts). Figure 4 shows a commercially available Geophysical Surveys Systems, Inc. SIR-2 system being used at Dover Air Force Base in an environmental study using an unconventional but convenient form of transportation. Ground penetrating radar systems come in several types [ 5 ] ; of which most of the commercially available systems are short-pulse, time domain systems. They operate over a wide range of frequencies because the Earth is a frequency-dependent filter with unpredictable properties, and because the wide variety of applications in problem solving require a wide range in depth of investigation and resolution, which vary with frequency. Figure 5 illustrates a typical set of several pairs of bistatic antennas (separate transmitter and receiver antennas) with center frequencies in air from 80 to 900 MHz. These are GSSI ground loaded antennas whose specified center frequencies in air become lower when coupled to the ground (depending upon the properties of the ground). Antenna size is proportional to wavelength and inversely proportional to frequency.
Because ground penetrating radar systems are used in many applications, the antennas are transported in a variety of ways, from the space shuttle, and aircraft, to people on foot, and a variety of surface vehicles. Figure 6 , on next page, shows an application of a GSSI 500 MHz antenna on foot in a wilderness area where wheeled vehicles are banned, Great Sand Dunes National Monument [27] . Studies there were of the internal structure of the dunes as well as of the water table that stabilizes the movement of the dunes. Hand-held deployment may be required by regulatory or logistical constraints, such as access, rugged terrain, or soft soils.
However deployed, one of the largest sources of error in geophysical surveys is knowing the location and orientation of the sensor (in this case, the antennas). This is especially true when floating antennas across water such as shown in Figure 7 , on next page. Here, a GSSI 80-MHz monostatic antenna is any data processing. The vertical scale is two way travel time and the horizontal scale is traverse distance. To scale horizontal distance, the location of the antenna needs to be known. To scale the vertical distance, the velocity of electromagnetic propagation needs to be known. In this case, the lake is about 20 m deep. Note that this is a fresh water lake and radar cannot see through electrically conductive materials like sea water. Figure 9 , on next page, shows the use of a tracking laser total station (on tripod) to measure the location of the mirrors which are mounted on the GSSI 80-MHz antennas. These are about to be towed by the boat in the background down a sand beach and out into Lake Michigan in a coastal erosion investigation. Figure 10 , on next page, shows an antenna being towed. The bicycle wheel marks the radar record so the traverse distance is known. Some wheel systems put a mark in the data, and others actually trigger the data acquisition process at fixed distance intervals. This antenna being towed is shielded so it only looks down and can be placed close to the truck. Lower frequency (longer wavelength) antennas can only be shielded with great difficulty, if at all. In this case, the antenna is towed behind the truck to look at pavement and roadbed problems, especially the compaction of bridge approaches, sub-base voids, and intermittent water springs under roads [ 8 ] . GPR is commonly used at airports to determine runway and taxiway integrity, and detect subpavement voids.
In some applications, antenna position is determined by the global positioning system as in Figure 1 1 . In this photo, a Sensors & Software system is being used to study agricultural soil compaction, which has a strong influence on crop yields. The farmer uses a GPS system to keep track of his plowing, seeding, spreading of agricultural chemicals, and harvesting, so it was also used to position the radar system. GPR is also used to study nonpoint source agrochemical pollution [6] . Some differential GPS systems that communicate by radio between a roving station and a fixed base station can interfere with GPR systems, but I have never heard of a GPR system interfering with GPS. Figure 12 shows a GSSI 80-MHz monostatic antenna mounted on the back of a 4-wheel drive vehicle. This is a logistical compromise as the vehicle is a big metallic object. However, the vehicle is at constant range and may be removed in processing of the data.
The arched object in the background is a lava tube, formed as certain types of lavas flow from erupting volcanos. As the eruption ends, the hot lava runs out of the tube, leave a hollow cave behind that may be up to tens of meters across and kilometers long.
In Hawaii, these lava tubes are the principle drains of the volcano, causing flooding at lower elevations and are a distinct hazard when constructing roads. Figure 13 , on next page, is of a 500 MHz GSSI antenna being used to image an active lava tube from the August 1999 eruption in Hawaii. It is flowing a few feet below the surface, eventually reaching the sea and producing the billowing steam These codes are used to predict the behavior of the contaminants as the natural ground water flow system changes or is manipulated during the remediation of the site.
Ground penetrating radar has been applied to problems in many areas, including agriculture, archaeology, land mine and unexploded ordnance detection, environmental site characterization and monitoring, forensics, geological mapping, ground water quality, lunar and planetary exploration, minerals exploration and development, earthquake, landslides, and subsidence hazards assessment, void detection, and pavement evaluation. There are many more applications of ground penetrating radar than can be discussed here (see references in [ 14, 151, or: http://www.g-p-r.com). These can be found in the Proceedings of the many international conferences on ground penetrating radar,
Fig. 14.
Using GSSI 80-MHz radar antennas towed behind a vehicle, the raw radar record (unprocessed) clearly shows the caldera rim fault, interbedded lava flows, and, at depth, two lava tubes as hyperbola shaped features. On the first pass down the road with the radar, the rim fault and the lava tubes did not show up in the radar data. In the second pass (shown) right after a rain, the rim fault and the lava tubes (now filled with water) are clearly visible. Figure 15 shows surface radar at 200, 300, 500, and 900-MHz, and borehole and hole-to-hole radar tomography being performed at Canadian Forces Base Borden in 1991 to understand the flow of the most common industrial contaminants, Dense NonAqueous Phase Liquids in a natural sand aquifer. The high resolution of the radar images, taken repeatedly in time, allowed the first detailed description of the multiphase DNAPL fluid flow. This data set is a benchmark against which multiphase fluid flow model codes are tested. professional society conferences such as the Symposium on the Application of Geophysics to Engineering and Environmental Problems (SAGEEP) or SPZE [20] , and books Figure 16 shows a Sensors & Software 900-MHz radar system being used to track a 100-million-year-old dinosaur in 1998. Unlike the normal dinosaur fossil footprints left behind as impressions recorded in sand, at this location the dinosaur walked through soft mud which was then filled in by an advancing sand sheet. This left the footprints as sandstone casts on the underside of a sheet of sandstone. The sandstone was nominally 15 cm thick, doubling to 30 cm at the footprint casts, so they were readily found with 900-MHz ground penetrating radar. This is a protected site with large signs admonishing people that it is illegal to climb on the rocks. Although we had permission to climb in order to do the radar survey as shown, passing motorists would regularly stop and call the sheriff, turning us in. The only problem was their use of 900 MHz analog cell phones interfered with the acquisition of 900 MHz GPR data, requiring us to repeat the data acquisition.
This kind of interface with ground penetrating radar surveys is becoming more commonplace. Figure 17 shows a difficult survey site in Hawaii near a rare world class deposits of xenolith beds and numerous transmission towers. The radar system was positioned, as much as possible, to minimize coupling and interference from the other radio sources, but signal averaging stacking had to be increased, slowing the speed of the radar surveying. Figure 18 , on next page, illustrates the effect of a 900-MHz analog cell phone on a GSSI 500-MHz antenna sitting on a concrete floor in the basement of a building. The horizontal black line across the record near the bottom of the image shows The right side of the image and the right vertical wiggle trace are plotted with the cell phone turned off. The left vertical wiggle trace is one scan to the left where the phone is on and being used for talking. The left half of the image shows the phone on but in standby. At no point did the radar system transmission interfere with the operation of the cell phone. However, the radar is a wideband receiver with time varyin!) gain. The gain is increasing with increasing time to compensate for geometric spreading and exponential material losses as the electromagnetic wave propagates out and back. In this location with the antenna sitting on the concrete floor and the cell phone off, the radar system can map the thickness of the concrete, the presence and location of rebar in the concrete, and of a sewer pipe below the concrete floor. With the cell phone in standby, the cell phone interference makes it impossible to see the presence or map the position of the sewer pipe. With the cell phone on and talking, the radar system can still see the rebar presence but can no longer detect and measure the thickness of the concrete. This has impacts on the use of ground penetrating I8 IEEE AESS Systems Muguzine, Fehruury 2002 radar to map pavement problems on interstate highways, where the data becomes unusable near cell phone towers as well as when people in nearby vehicles are talking.
The advent of HDTV broadcasting digital television in the 500-MHz region will have a severe impact on the ability to use ground penetrating radar to map plastic utility pipes, such as gas lines. Excavation breakage of plastic gas lines is recognized as a major hazard by the National Transportation Safety Board [IO] , 500-MHz GPR is one of the few technologies available to locate them. Figure 19 , on previous page, is a traverse across an asphalt city street, starting in a concrete drain pan with rebar on the left and ending in a similar concrete pan on the right using a 450 MHz Sensors & Software Pulse Ekko 1000. The ripple patterns at far left and right are the rebars. Labeled on the left is a buried metal telecom cable and on the right is a buried plastic gas pipe. The hyperbola shapes are fit to calibrate the velocity and tum two-way travel time into depth.
Horizontal position was determined with a wheel that triggered the radar system to take data every 1 cm of traverse. Using a lower frequency antenna (such as 225-MHz) allowed location of water and sewer pipes. Note the higher contrast of the metal good reflector versus the plastic poor reflector. In a higher noise environment, the plastic pipe would not be visible at all, even though it is more shallow.
The bad news is the proliferation of radio transmitters for internet access, HDTV, cell phones, and so forth, by the billions is only going to make worse the problems of using ground penetrating radar near people and their gadgets. The good news is eventually all the radio noise will be a source to be used, like geophysicists currently use lower frequency natural sources such as lightning in magnetotellurics. Thus, eventually noise radars will be possible, requiring no transmitter, but only two or more receivers. In the interim, things will be difficult. Unfortunately, the allocation of frequencies just for ground penetrating radar is not an effective solution as the frequency dependent filtering properties of the Earth are variable with location and with time (such as wet season vs. dry season or winter frozen vs. summer thaw).
